The non-aqueous lithium air battery 1,2 (referred to here as LAB) possesses a supreme theoretical energy density [3] [4] [5] and consequently has attracted much attention. Although significant progress has been made toward identifying and mitigating the limitations in LABs, [6] [7] [8] [9] [10] [11] [12] very little is still known about the mechanisms and processes behind the discharge dynamics, which are not only important for the realization of LABs for practical use, but also have considerable impact on how results from current LABs are interpreted.
A number of continuum mathematical models have been proposed to characterize the discharge behavior of LABs, 11, [13] [14] [15] [16] [17] [18] [19] [20] and most models are based on solving transport equations for O 2 and Li + , [13] [14] [15] [16] [17] [18] [19] [20] together with Butler-Volmer 14, 19 or Tafel 13,15-17 electrode kinetics. However, recently it has been identified that the morphology of the discharge product, mainly Li 2 O 2 , may depend on the solvent 21, 22 as well as on the current rate. 23, 24 In the so-called surface-limited reaction case, 25 ,26 a Li 2 O 2 thin film covers the active surface (see route A in Fig. 1 ), while in the so-called solution phase reaction case 27, 28 the intermediate species O 2 − tends to diffuse to some preferential nucleation sites through the electrolyte, followed by disproportionation and nucleation/growth (see route B in Fig. 1 ). The resulting Li 2 O 2 morphologies are discs, toroids or small particles. 29 Here we assume that the first reduction reaction is the same in both cases: [1] where the subscript "sol" stands for solution phase, though a more complicated procedure involving Li + may occur:
where the star sign indicates adsorbed species. However, the second reduction reaction may take place at different locations. In the surfacelimited reaction case, two possible reactions may occur:
O − * 2 + 2Li + * + e − surface − −−−− → Li 2 O 2(film) [2] 2O − * 2 + 2Li + * −−→ Li 2 O 2(film) + O 2 ↑ [3] where O 2 − * stems from the locally adsorbed O 2 − in Eq. 1. However, the generated oxygen molecule in Eq. 3 can then be easily reduced to form O − 2 due to its proximity to the active surface. Hence, the overall reaction of 1 and 3 is equivalent to that of 1 and 2. On the other hand, * Electrochemical Society Active Member. z E-mail: alejandro.franco@u-picardie.fr in the solution phase reaction case, the second-stage reaction is on the nucleation sites:
thus the overall reactions are 1 and 4. The discrepancy in the reaction mechanisms forces us to treat the two cases in different mathematical ways. Some recent modelling attempts try to consider both mechanisms, such as the rate-dependent Li 2 O 2 growth model of Horstmann et al., 30 and the kinetic model of oxygen reduction from Safari et al., 31 which neglects the possibility of electron tunneling through thin Li 2 O 2 films. Nevertheless, to our knowledge no whole-cell level model taking into account both reaction mechanisms simultaneously has been reported before. Typical whole-cell models developed recently are considering thin film growth 32 or island growth 33 modes, both falling into the surface limited mechanism category. In our previous works 11, 34 we proposed a discharge model of LAB within a multiscale framework, 11, 35 by considering the detailed microstructural properties of the cathode and the surface limited reaction mechanism only. Here we present an extension of it to include the solution phase reaction mechanism. We still consider a Super P carbon black as the prototype cathode, but our modelling framework may apply to other types of active materials, Figure 1 . Illustration of the two mechanisms for oxygen reduction in aprotic solvents. In route A, the second reduction occurs at the electrode surface, while in route B, O 2 − is slightly bonded to the lithium ion, which may wander to an existing solid Li 2 O 2 core which promotes a disproportionation reaction.
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Model Development
Reaction mechanism.-The cathode microstructure and in particular the pore size distribution (PSD) are known to substantially impact the performance of LABs. 11, 37, 38 We consider a composite cathode with an experimentally measured PSD in nanometer to micrometer range representative of the Super P carbon. The associated surface area distribution to this PSD is shown in Fig. 3 . Here we term "the hall" the largest open space across the porous structure of the cathode filled with electrolyte, which corresponds to the big pores with size larger than the measured range in Fig. 3 . While the size of the hall is very large, its specific area is small compared with all the small pores. In our model, the hall is treated as a container where Li 2 O 2 particle nucleation and growth can take place. This is inspired from the experimental observation of Li 2 O 2 particles with several hundred nanometers size. 23, 39, 40 As the hall surface area is much lower than the pore surface area, it follows that the first oxygen reduction reaction (Eq. 1) mainly occurs in the smaller pores, in which O − 2 radicals are initially generated. If we assume Li + and LiO 2 are involved in the first reduction, an alternative treatment is required and this is given in the Appendix. However, here we focus on the simple reaction scheme 1.
The further reduction of O − 2 into O 2− 2 follows two possible paths and these are (i) consecutive reduction in the pores; and (ii) disproportionation on the surface of an existing Li 2 O 2 particle. Selection of either route is determined primarily by the mobility of O 2 − between pores. Consequently, we define an escape function χ(r), where r is the pore radius, which characterizes the percentage of O − 2 in the Li + − O − 2 − n solvent solvated complex form 28 to escape the pore of radius r toward the hall where most of the nucleation and growth is assumed to occur. Hence, the two second reduction reaction pathways can be written as:
which together with reaction 1 give
We explicitly discriminate Li 2 O 2 particles from Li 2 O 2 thin films because only the latter will cause surface passivation and block electron transport, which is a key factor when determining the discharge capacity in our model. It follows that the mathematical form of the escape function is the key to discriminate solution phase reaction from surface-limited reaction. To determine such a mathematical form, a pore network model is used as schematized in Fig. 4 . Note that O 2 − radicals in smaller pores find it harder to enter the hall, because they usually have to go across a longer path than radicals in larger pores. In the simplest model, we may consider a number of pore classes: the hall being the largest, then the 1 st class pores, the 2 nd class pores until the N th class pores which are the smallest pores in the porous cathode network. This structural scheme obviously neglects other inter-class interconnections, but more sophisticated networks can be adopted without major difficulty. Through the open mathematical form of the escape function, the methodology behind this simple model accepts results from more detailed pore network analysis. Now we assume ξ to be the escape probability for a O 2 − radical from an i th class pore to the (i-1) th class pore adjacent to it. In principle ξ can be a function of i, but for simplicity we assume ξ to be a constant. Then the total escape function for an N th class pore is
where the pore radius r is determined by the class index N. Accepting the assumption that a suitable escape function can be an exponential one, we may write in a continuous form:
where the value of ξ (0 ≤ ξ ≤ 1) is assumed to be mainly dependent on the donor number of the solvent used. As the life time of O 2 − in the high donor number solvents is longer, ξ will be a number close to 1. Therefore, in this case, O 2 − possesses a high probability of diffusing to the hall and nucleating into particles there. In addition, the ξ value is also highly sensitive to current rate because a high current tends to pile up intermediate species near the surface, promoting thin film formation. In other words, ξ value will be smaller at higher current rates for the same solvent.
Oxygen transport.-Having set up the reaction mechanisms, we follow our previous approach to model the species transport. As in Ref. 34 , we neglect the transport of Li + since its concentration is much higher than oxygen. The main transport equation considered is for oxygen diffusion
where c is the averaged O 2 concentration in each bin (cf. Fig. 2 ); ε 0 is the initial porosity; D 0 is the intrinsic oxygen diffusion coefficient in the electrolyte; a is the specific surface area; j Far is the faradaic current density; ν = 2 is the number of electrons involved in the overall reaction 7; F is the Faraday constant and s is defined to be a "saturation" 34 which is a measure of choked pore volume compared with initial total pore volume, and can be defined in either of the following ways:
where V Li 2 O 2 is the real-time discharge product volume inside a chosen volume element V, and ε is the real-time porosity in that local region. Obviously, s evolves over time and should be calculated by the model. The term (1 − s) 1.5 ε 1.5 0 thus represents a Bruggeman-like correction to the diffusion coefficient in porous structures. Note that while some oxygen can be released in the second reduction reaction 6, the overall reaction can be written as 7, where only an oxygen sink term (relevant to faradaic current) appears but no source term needs to be considered in Eq. 10. Electrode kinetics.-The faradaic reduction current density is assumed to be given by a Butler-Volmer equation
where k is the kinetic rate, β is the charge transfer coefficient and η is the Butler-Volmer overpotential. We assume the rate-limiting step is the first one-electron process, as reflected by the form inside the exponential term. j Far is multiplied by ν = 2 to account for the two-step reduction. In addition, j Far is proportional to the oxygen concentration c rather than c 1−β , as confirmed by experiments. 41 It has to be noted here that, more generally, electrochemical double layer effects should impact this faradaic current (e.g. transport of charged species at the vicinity of the active material, confinement of the ions in the pores, and polarization effects due to the solvent). These can be modelled following the approach recently proposed by us, 42 which is out of the scope of this paper but its implications will be studied in the future. The remaining unsolved variables in Eq. 10 are s and a, which will be addressed in the following sections.
Saturation.-To estimate the saturation term we select a particular bin #i and monitor the discharge product precipitation from the beginning of a fresh discharge (see Fig. 5 ). The total amount of substance for Li 2 O 2 in this bin at time t is given by integrating the faradaic current over time:
where V is the volume of our selected volume element (naturally being the volume of a cathode bin) and the superscript [i] indicates that the quantity is calculated in bin #i. By means of the density of Li 2 O 2 , we can transform the amount of substance into the volume of Li 2 O 2 :
Far (t )dt [15] which together with Eq. 11 leads to
Far (t )dt [16] In Eq. 16, the active surface area a [i] is still unknown -only the initial values at t = 0 are given.
Active surface area.-For simplicity we have divided the pores into two categories by size: detailed PSD is considered below 125 nm, while any pore with its radius greater than 125 nm is regarded as the hall. The active surface area of the hall is neglected, while we discretize the 0-125 nm pore radius range into N meshes. For a selected volume element V (shown in Fig. 5 ) in bin #i, the total initial active surface area (when no discharge product exists, or t = 0) of a particular mesh j (located at pore radius r [ j] ) can be evaluated as
where a 0 is the intrinsic specific surface area for the cathode material, thus a 0 V is the total active surface area, while the fraction within the square bracket characterizes the percentage of active surface area falling into mesh j. Here α 0 (r ) is the surface area distribution function for the cathode material, where a typical example is shown in Fig. 3 . We write [ j] or [ j ] in the subscript in order to emphasize that they represent a particular mesh in the pore radius range, while the superscript [i] is used exclusively to specify the particular cathode bin index. Due to our meshing scheme, the parameter r [ j] is simply calculated by
with a unit of nanometer. When t > 0,
[ j] (t) in volume element V suffers from two degradation mechanisms. The first one has a geometric origin, since a thin film covering a pore will lead to a smaller pore radius than the initial value. By assuming spherical pores, this relation is straightforward and is obtained as
where δ is the thickness of the film covering the pore surface, in the unit of nanometer. The other performance degradation mechanism is due to electron transport limitation, because Li 2 O 2 is known to be an insulator with a bandgap estimated to be 4.81-6.37 eV. 43 
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The actual electron conductivity through Li 2 O 2 thin films during the discharge process is attributed to tunnelling effect, 25 hole conduction 46 or in particular polaron hopping. 47 Here we accept the conclusion of Viswanathan et al. 25 that the maximum electron tunnelling distance is through 5-10 nm Li 2 O 2 thin film, and implement the same tunnelling probability function as in our previous work. 34 To sum up, the real active surface area distribution function is
2 α 0 (r ) [19] which implies that the real-time total active surface area in the selected volume element V should be
Hence, the real-time specific surface area in bin #i, a [i] (t), can be obtained by first letting the volume V be that of a cathode bin, and then summing up A [i]
[ j] (t) over all pore radius meshes:
where
In Eq. 22, the only unknown parameter is the film thickness δ [i]
[ j] (t), which is obtained following the approach presented in the next section.
Film thickness.-In our model we take an approximation that the oxygen concentration in each bin is homogeneous throughout the pores, therefore the faradaic current density is uniformly distributed over all active surface for each particular bin #i, according to the Butler-Volmer equation 13. Nevertheless, the film thickness is nonuniform in each bin, but should depend on the pore radius. The reason is that the percentage of Li 2 O 2 forming a thin film, compared with the total Li 2 O 2 , is related to the pore radius through the escape function. For each pore radius mesh, we shall monitor the film thickness, δ [i] [ j] (t), in real-time.
Mathematically, we first write the total amount of Li 2 O 2 , no matter whether deposited in the hall as particles or precipitated locally as a thin film, stemming from the pore radius mesh #j in bin #i, as
Yet, the real amount of Li 2 O 2 forming a thin film is modified when taking into account the escape function:
Far (t )dt [24] therefore
where the 10 9 factor transforms the unit from meter to nanometer. Equation 25 together with an initial condition for film thickness gives the real-time film thickness for each pore radius mesh, in each bin.
Cell potential.-The Butler-Volmer overpotential is treated approximately as homogeneous in our model due to the following reason. The practical current rate in a LAB is usually very low such that the electrolyte phase potential varies only slightly across the cathode, while the solid phase potential is homogeneous because of the high conductivity in the cathode particles. When η is homogeneous, by summing up the faradaic currents in all the bins we can inversely obtain η through the overall discharge current density J, based on Eq. 13. By assuming that β = 0.5 for the sake of simplicity, the cell voltage is calculated by
where U 0 is the equilibrium cell voltage, R s is the series resistance which includes the contribution from the electrolyte resistance and the anode overpotential, and the J R film term represents the contribution from the Li 2 O 2 film resistance. In order to evaluate J R film we notice that near the end of discharge (when the voltage drop across the Li 2 O 2 film is prominent) more discharge current is carried by the part of cathode closest to the air inlet. As an approximate treatment, we assume
where δ is the film thickness in bin #P+Q for the largest-size pore considered, here as the pores with 125 nm radius. Both the series resistance R s and the Li 2 O 2 resistivity will be fixed by fitting to the experimental discharge curves. The equilibrium cell voltage U 0 has long been regarded as 2.959 V by theoretical calculation, 48, 49 but recent experimental investigations give a more reasonable value of 2.861 V at 25 • C. 50 In our model we shall take
Experimental
The LAB cell under investigation consisted of a Li x FePO 4 anode, an 840 μm thick porous separator (92.1% porosity) and a c.a. 100 μm thick carbon black composite cathode (81.9% porosity).
The Li x FePO 4 anode was prepared by mixing LiFePO 4 powder (MTI Corporation), "Super P Li" carbon (TIMCAL) and PTFE (Aldrich) in a gravimetric ratio of 8/0.5/1, adjusting the formula for the dilution of the PTFE in aqueous suspension. Each anode contained 30 mg active material. The anodes were rinsed in 1/1 ethanol/distilled water for 30 minutes, then chemically precharged in a bath of 250 mL distilled water, 3.6 mL hydrogen peroxide (Fisher) and 1.5 mL acetic acid (Sigma Aldrich) for 30 minutes. The anodes were then rinsed in distilled water and vacuum dried at 140 • C in a Buchi oven overnight.
The Super P Li cathodes were prepared by mixing Super P Li with PTFE in a gravimetric ratio of 9/1 and spreading onto 180 grade stainless steel mesh (Advent Research Materials Ltd), which acts as a substrate and current collector. Each cathode contained 1.5 mg active material. The cathodes were then rinsed in 1/1 ethanol/distilled water for 30 minutes and vacuum dried at 140 • C in a Buchi oven overnight.
The components were assembled in Swagelok cells consisting of a Li x FePO 4 anode, two Whatman glass microfiber separators wetted with electrolyte and a Super P Li cathode. The Swagelok cells were sealed in glass cases, which were then flushed with oxygen prior to cycling on a Biologic VMP3 potentiostat.
In our experiments, two solvents with different donor numbers were chosen: tetraethylene glycol dimethyl ether (TEGDME, donor number 16.6, 51 viscosity 3.294 mPa · s at 298.15 K 52 ) and dimethyl Table I . Both cells were discharged galvanostatically at three current rates: 0.1 mA, 0.2 mA and 0.5 mA absolute currents, corresponding to 2 A · m −2 , 4 A · m −2 and 10 A · m −2 apparent current densities, respectively.
Simulation
All simulations were carried out using LRCS home-made MAT-LAB codes. The model is developed as part of the multiscale modelling framework MS LIBER-T, 56 which is designed as a single simulation package with multiple applications for electrochemical cells and energy conversion devices.
For the finite difference simulation, the separator is divided equally into 84 bins while the cathode is divided equally into 10 bins. The cathode bins involve mesoscale calculations and are more computationally demanding. The convergence of our finite difference mesh is fulfilled through careful tests. The initial oxygen concentration in the electrolyte is assumed to be homogeneous across the cell separator and cathode, equalling to the saturated value.
Low discharge rate.-At a current density of 2 A · m −2 , the simulated discharge curves of TEGDME and DMSO cells are compared with experiments in Fig. 6 . Some parameters are fitted to the experimental curves and are listed in Table II . It can be seen that the Li 2 O 2 thin film resistivity can be chosen as the same in both TEGDME and DMSO cells at this discharge rate, but the series resistance in TEGDME cell is much larger than in DMSO cell, possibly due to the high electrolyte resistance and viscosity in TEGDME solution. In both cells, the simulated discharge curves fit well the experiments, while the ξ value is slightly larger in DMSO cell (0.55) compared with TEGDME cell (0.48), which is consistent with our intuitive guess because DMSO possesses a higher donor number.
Since the escape rates from pores with different sizes are generally different, the film thickness evolution rate is also non-uniform among the pore sizes even within the same bin. Figures 7a and 7b demonstrate such differences within the last bin, where the 5 nm and 60 nm pores experience fast thin film growth, while the 120 nm pore has a slow film growth rate. Due to the tunnelling function implemented in this work, any pore with maximum film thickness beyond 10 nm (the horizontal dashed line) actually only has a very minor part still active. Therefore, for both TEGDME and DMSO cells we find that the end of discharge is signified by a total surface passivation of the largest pores (e.g. around 120 nm as in the figures). This indicates that the available surface area is the crucial factor for discharge capacity for the two cells in our study, which shows the same trend as the 100% thin film growth mode in our previous research, 34 and is consistent with a previous experimental discharge capacity-cathode surface area analysis over seven carbon black materials. 57 The oxygen concentration profile is monitored during the simulation. Figure 8 shows that oxygen depletion does not occur in either of the cells throughout the discharge process. Rather, even in the deep cathode region closest to the separator one finds around 3.9 mol/m 3 and 1.5 mol/m 3 oxygen concentrations in the TEGDME and DMSO cells, respectively. Hence, the relatively short cathode design allows for sufficient usage of the whole cathode volume in our experiments.
Intermediate discharge rate.-At a current density of 4 A · m −2 , the fitting parameters are shown in Table III while the simulationexperiment comparison is shown in Fig. 9 . In both cells, the ξ values are slightly reduced compared with the 2 A · m −2 case, confirming that the escape function is dependent on the current rate. To gain more insights, we simulated the two cells again at 4 A · m −2 , but using the same ξ values as in the low discharge rate case, i.e., 0.48 for the TEGDME cell and 0.55 for the DMSO cell. The resulting discharge capacities (not shown in the figures) are around 1900 mAh/g and 2300 mAh/g for the TEGDME and DMSO cells, respectively. These simulated values are in fact very close to the low discharge rate results. Hence, the escape function is indeed crucial for predicting the discharge capacities. Without a variation of ξ, the model only predicts almost the same discharge capacities at 2 A · m −2 and 4 A · m −2 . A possible reason for this lies in that the cathode is very short in our experiments, thus the oxygen transport is not a limiting factor for discharge capacity, which is best demonstrated in Fig. 8 .
High discharge rate.-At a current density of 10 A · m −2 , the simulated discharge capacities of TEGDME and DMSO cells are both larger than experimental values even when ξ is set to zero, as shown in Fig. 10 (other fitted parameters are shown in Table IV ). This confirms that both cells experience surface-limited reaction at this rate, consistent with the results by Adams et al. 24 who showed that thin film formation dominates the LAB reaction when a sufficiently high rate is reached. On the other hand, we believe that the discrepancy between simulation and experiment at high discharge rates may be attributed to lithium transport limitations. While the initial lithium ion concentration is much higher than that of oxygen, lithium ions in the cathode may be depleted at very high discharge rates because (i) their diffusion path, through the thick separator, is much longer than oxygen; (ii) their diffusion coefficient is also lower than oxygen.
Conclusions and Perspectives
We have set up a comprehensive model for non-aqueous lithium air batteries, accounting for both solution phase reaction and surface limited reaction. The extent to which the reaction is in solution phase mode is described through an escape function, which is a measure of the probability of O 2 − radicals to reach the largest open space of the cathode where they may disproportionate to form Li 2 O 2 particles. Simulation of two cells with TEGDME and DMSO as solvents, respectively, confirms that the escape rate is higher in a high donor number solvent such as DMSO. The simulated discharge curves fit the experimental curves fairly well under low and intermediate discharge rates. In prospect, we envisage a more sophisticated pore network modelling approach to be compared with the current simple escape function form proposed in this work. In addition, the mismatch at very high discharge rates deserves further investigation.
We underline that the approach presented in this paper may be of some interest for the modelling of other battery technologies, such as lithium sulfur batteries.
